Abstract
Introduction
Thermal inhalation injury is a common concurrent injury in burn patients and is associated with significant longstanding pulmonary dysfunction and mortality [1] . Previous studies have suggested that bronchial epithelial cells are early targets of thermal inhalation injury [2] . Most studies have focused on the bronchial epithelial inflammation induced by chemical smoke or heat, ignoring that heat can also induce cell apoptosis and death, contributing to the inhalation injury [3] . Heat is a major extracellular stimulus that causes cellular oxidative stress and apoptosis [4] . However, the pathogenesis of heat-induced bronchial epithelia apoptosis remains largely unknown.
Overproduction of reactive oxygen species (ROS) triggers cell apoptosis through various signaling cascades [5, 6] . Nicotinamide adenine dinucleotide phosphate (NADPH) oxidase is the primary source of superoxide production and consists of two subunits in the membrane (p22phox and gp91phox) and four subunits in the cytoplasm (p47phox, p67phox, p40phox, and Rac). Upon activation, the cytoplasmic subunits translocate to the membrane and combine with the membrane subunits to trigger NADPH oxidase activity [7] . In the present study, we aim to determine whether ROS derived from NADPH oxidase are involved in heatinduced apoptosis of bronchial epithelial cells both in vitro and in vivo.
Akt, a serine/threonine kinase, plays an important role in heat-induced pathophysiological changes [8] . An increasing number of studies have reported that phosphorylated Akt prevents cells from undergoing apoptosis, which is regulated by ROS [9] . The mammalian target of rapamycin (mTOR) serves as a central regulator of cell apoptosis by integrating both intracellular and extracellular signals. Discoveries over the last decade have shown that the Akt/mTOR pathway is significantly associated with cell apoptosis [8] . Currently the relationship between NADPH oxidase, ROS and Akt/mTOR after heat treatment is not clear.
Curcumin, an active polyphenol derived from rhizomes of Curcuma longa, is reported to have antioxidant and anti-apoptotic effects [10] . Recent studies have indicated that longterm curcumin administration significantly inhibits oxidative stress and apoptosis in human neuroblastoma cells [11] . Curcumin has been reported to regulate the PKCδ/NADPH oxidase/ ROS and Akt/mTOR signaling pathways in cancer cells [12, 13] . However, whether curcumin regulates NADPH oxidase/ROS or the Akt/mTOR signaling pathway after heat treatment and the underlying mechanisms are poorly understood.
In the present study, we hypothesized that curcumin suppressed heat-induced apoptosis by regulating NADPH/ROS and the Akt/mTOR signaling pathway.
Materials and Methods
Cell culture and treatment 16HBE140 cells were cultured in Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal bovine serum and 1% penicillin/streptomycin in a CO 2 incubator at 37 °C. Then, cells were incubated at 37 °C, 42 °C, 47 °C, 52 °C, or 57 °C for 5 min, moved to 37 °C and harvested after 12 h, 1 day, 2 days, and 5 days, following previous reports [14] . Curcumin (Sigma-Aldrich, Shanghai, China) was added to the culture medium 4 h before or 1 h after the heat treatment. In some circumstances, DPI (10 μm Sigma-Aldrich, Shanghai, China), gp91ds-tat (10 μM Sigma), sgp91 ds-tat (5 μM, Sigma), IFG-1(100 µM, Sigma), or Mhy1485 (50 µM, Sigma) were added 4 h before the heat treatment.
Animals and thermal inhalation injury
All procedures were approved by the Animal Ethical Committee of Chongqing Medical University and were carried out in accordance with the approved guidelines. The thermal inhalation injury model was carried out as previously described [15] . Curcumin (10 mg/kg body weight) was administered intragastrically two days before the thermal inhalation and administered twice daily after the surgery. Both the model and sham groups were given a gavage of distilled water at the same volume as the drug. Cell viability assay Cell viability was determined by measuring the absorbance of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) in living cells in accordance with the manufacturer's instructions [16] . Briefly, cells were seeded into 96-well microtiter plates containing 100 μL of medium at the previously described temperatures (37 °C, 42 °C, 47 °C, 52 °C, and 57 °C) for 5 min. Then, the cells were harvested at 12 h, 1 day, 2 days, and 5 days after treatment, and 10 μL of 5 mg/mL MTT (Thermo Fisher Scientific, Fremont, USA) was added to the medium in each well. The plates were incubated for an additional 4 h at 37 °C. After 4 h, the medium was discarded, and 100 μL of acid isopropanol was added to dissolve the formazan product. The absorbance at 540 nm was measured by a Bio-Tek EPOCH Microplate Reader (Bio-Tek Instruments Inc, USA).
Oxidative stress determination
To evaluate the ROS production, 2',7'-dichlorofluorescein diacetate (DCF-DA) dye (Thermo Fisher Scientific, Fremont, USA) was used to measure the changes in ROS levels [17] . Briefly, cells were cultured in glass-bottomed dishes and incubated with 5 μmol/L H2DCFDA in the dark for 30 min. Samples were washed thrice times with pre-warmed PBS and then resuspended in PBS. The relative levels of fluorescence were determined by confocal microscopy at the excitation wavelength of 488 nm and emission wavelength of 525 nm. Images were obtained at 10 frames per second using a 4× objective at 510 nm. The 4-hydroxynonenal and nitrotyrosine ELISA Kits were purchased from Cell Biolabs, Inc. (San Diego, CA, USA) and used according to the manufacturer's instructions. The data were normalized by the protein levels. All assays were performed in triplicate.
Preparation of the membrane fraction
To separate the cellular membrane, cells were lysed in a buffer containing 250 mM sucrose, 20 mM HEPES (7.4), 10 mM KCl, 1.5 mM MgCl 2 , 1 mM EDTA, and 1 mM DTT. The cell membrane was separated by ultracentrifugation at 100,000 g for 2 h. The membrane fraction was obtained by suspending the pellet with RIPA lysis buffer.
Western blot analysis 16HBE140 cells were harvested and then lysed in RIPA buffer containing a mixture of protease inhibitors (Thermo Scientific, Fremont, USA). The lung tissue was collected at different time points and washed with PBS three times. Aliquots of the lung lysates (30 µg protein/well) and cell lysates (20 µg protein/ well) were separated on 4-12% Bis-Tris gels. Western blotting was carried out as previously described [15] . Antibodies against Bcl2, Bax, α-ATP, cleaved PARP, cleaved caspase-3, gp91 phox , p47 phox , p67 phox , p22 phox , p40 phox , and Rac were all obtained from Abcam (Cambridge, MA, USA). Antibodies against phosphorylated Akt (Thr308), phosphorylated Akt (Ser473), phosphorylated mTOR (Ser2448), and phosphorylated mTOR (Ser2481) were purchased from Cell Signaling Technology (Danvers, MA, USA). The antibody against PDK1 was purchased from Bethyl (Montgomery, TX, USA).
siRNA transfection 16HBE cells were transfected with a final siRNA concentration of 200 pM using Lipofectamine 2000 reagent (Invitrogen, CA, USA) according to the manufacturer's protocol. The target sequence for the Nox2-specific siRNA was CCAUCCACACAAUUGCACAUCUCUU. Two days after transfection, the cells were used for the experiment. As described previously [18] , RT-PCR was performed to test the Nox2 mRNA expression. Nox2 primers were as follows: forward primer: ACTTCTTGGGTCAGCACTGG; reverse primer: ATTCCTGTCCAGTTGTCTTCG.
TUNEL assay
16HBE140 cells from different conditions were seeded on coverslips for one day. In brief, the cells were fixed and then stained with a terminal-deoxynucleotidyl transferase-dUTP nick end-labeling (TUNEL) assay (Invitrogen, CA, CA). Nuclei were counterstained with DAPI (1 μg/ml) (Thermo Fisher Scientific, MA, USA). Fluorescence signals were detected with an Axioplan microscope (Zeizz, Shanghai, China) equipped with an AxioCam HRm digital camera. The lung tissue sections (10 μm thick) were fixed, embedded and stained with the transferase-mediated dUTP nick-end labeling (TUNEL) technique using an apoptosis detection kit 
Statistics
Statistical analysis was performed using Graphpad prism (Version 6; CA, USA) a Student's t test, oneway analysis of variance (ANOVA) and the least significant difference (LSD) test. The data are presented as the mean ± standard deviation (SD) of three independent experiments for each group. All tests were two tailed, and the level of significance was set at P<0.05.
Results

Heat inhibited cell viability and induced apoptosis in 16HBE140 cells
To test the effect of different temperatures on the 16HBE140 cells, the cells were incubated at 37 °C, 42 °C, 47 °C, 52 °C, or 57 °C for 5 min and then recovered at 37 °C. The MTT assay showed a decline in cell viability after a 5-min exposure to elevated temperatures (47 °C, 52 °C, and 57 °C) at 12 h, 1 day, 2 days, and 5 days post-heat treatment. Treatment at 42 °C had no obvious effect on cell viability. However, treatment at 52 °C or 57 °C resulted in low cell viability throughout all of the time points tested (Fig. 1A) . The air temperature in inhalation injury has been reported to be approximately 48.3 °C at the bronchi [19] . Thus, treatment at 47 °C was close to the pathophysiological situation in inhalation injury [20] . We observed that after 47 °C treatment for 5 min, the cell viability decreased from day 1 to day 4 and increased back to control levels at day 5 (Fig. 1B) . In Fig. 1C , as shown by TUNEL staining, a significantly increased number of cells underwent apoptosis 12 h after heat treatment, with the highest level on day 1 and a return to the basal level on day 5. The expression of apoptosis-related proteins, including Bcl-2, Bax, cleaved PARP, and cleaved caspase-3, was markedly increased as well (Fig. 1D) .
Protective effects of curcumin against heat-induced apoptosis in vitro
Curcumin is a plant-derived compound shown to protect cells from apoptosis through different pathways [11] . We proceeded to test whether curcumin exerted a protective effect on heat-induced apoptosis in 16HBE140 cells. The cells were treated with curcumin (10 or 20 μmol/L) 4 h before or 1 h after heat treatment. One day after heat treatment, cell viability and apoptosis were examined. As shown in Fig. 2A and 2B, cell viability was increased, and the number of TUNEL-positive cells decreased significantly in both the curcumin pre-and post-treatment groups compared to that of the control group. In addition, Western blot analysis showed that cells treated with curcumin showed significantly decreased expression of Bax, cleaved PARP, and cleaved caspase-3 and increased expression of Bcl2 compared to that of the control group (Fig. 2C) .
Curcumin decreased heat-induced ROS generation by inhibiting membrane translocation of NADPH oxidase 2 cytosolic subunits
Because Ros was involved in the heat-induced apoptosis and NADPH oxidase 2 is the primary source of Ros, we tried to determine whether curcumin treatment alleviated heatinduced apoptosis via inhibiting NADPH oxidase 2/ROS production. DCF-DA fluorescence staining revealed that intracellular ROS increased after heat treatment, peaked on day 1 and returned to normal on day 5 (Fig. 3A) . Levels of 4-hydroxynonenal and nitrotyrosine, which are oxidative modification proteins partially produced by superoxide or ROS formation, were also examined by ELISA. Both 4-hydroxynonenal and nitrotyrosine showed a similar changing pattern as that of ROS (Fig. 3B) . Moreover, we found that heat-induced ROS generation and the expression of superoxide signal proteins were markedly decreased by curcumin administration, pre-or post-heat treatment (Fig. 3C and 3D) . Furthermore, as shown by Western blot analysis, heat treatment significantly increased the expression
of Rac, p47 phox , p40 phox , and p67 phox in the cellular membrane on day 1, and the expression returned to basal levels on day 5 (Fig. 3E) . The expression of cytosolic subunits decreased to almost control levels in both the curcumin treatment group as well as the NADPH oxidase 2 inhibitor DPI and orgp91ds-tat treatment groups. A similar trend was observed in the MPG treatment group, which is known as a ROS scavenger (Fig. 3F) . DPI, gp91ds-tat, or MPG treatment also markedly inhibited apoptosis, as indicated by the decreased expression of Bax, cleaved PARP, and cleaved caspase-3 (Fig. 3G) . To further explore the role of NADPH oxidase 2 in heat-induced apoptosis, NADPH oxidase 2 siRNA (Nox2 siRNA) was used to downregulate the expression of NADPH oxidase 2 (Fig. 3H) . As shown by Western blot analysis, downregulation of NADPH oxidase 2 led to significant decreases in apoptosis markers, suggesting an inhibition of apoptosis (Fig. 3I) . These results demonstrated that inhibition of the membrane translocation of NADPH oxidase 2 cytosolic components and Ros production is involved in the anti-apoptosis effect of curcumin in heat treatment.
Curcumin protected cells from heat-induced apoptosis by activating the Akt/mTOR signaling pathway
Akt/mTOR signaling is vital in cell apoptosis [21] . We proceeded to investigate whether Akt/mTOR was involved in the mechanism by which curcumin inhibits heat-induced apoptosis. The results demonstrated that the levels of phosphorylated AKT at both the Thr308 and Ser473 sites significantly decreased on day 1 and day 2 and were recovered on day 5 (Fig. 4A) . Considering that Akt at Thr308 binds to the phosphoinositide-dependent protein kinase 1 (PDK1) and Ser473 binds to the second mTOR complex 2 (mTORC2), we tested the expression of PDK1 and mTOR after heat treatment. Western blot showed that levels of PDK1, phosphorylated mTOR (Ser2448) and mTOR (Ser2481) significantly decreased on day 1 and day 2 (Fig. 4A) . As we excepted, curcumin pre-or post-heat treatment markedly upregulated phosphorylated Akt at the Ser473 and Thr308 sites, as well as phosphorylated mTOR at the Ser2448 and Ser2481 sites, along with expression of PDK1. These effects of curcumin were similar to those of IGF-1, a specific Akt activator ( Fig. 4B and 4D ). In addition, IGF-1 or Mhy1485 abolished the apoptosis induced by heat treatment as indicated by the expression of apoptosis markers (Fig. 4C) .
As both NADPH oxidase 2 and Akt/mTOR have been demonstrated to be involved in the mechanism of curcumin inhibiting cell apoptosis induced by heat, we proceeded to explore whether there was crosstalk between these two signaling pathways. Treatment with the NADPH oxidase inhibitor DPI or the gp91 phox inhibitor gp91ds-tat significantly upregulated the phosphorylation level of both PDK1/Akt and mTOR, as shown by Western blot analysis (Fig. 4D) . As excepted, knockdown of Nox2 with siRNA had a similar effect as the NADPH oxidase inhibitor (Fig. 4E) . These results suggested that NADPH oxidase 2 is upstream of Akt/ mTOR signaling in heat-induced apoptosis, and the NADPH oxidase 2/Akt/mTOR signaling pathway was involved in the inhibition of heat-induced apoptosis by curcumin.
Anti-apoptosis activity of curcumin in a rat model of thermal inhalation injury
Heat-induced bronchial epithelia apoptosis and the anti-apoptosis effect of curcumin were also tested in vivo by taking advantage of a rat model of thermal inhalation injury. In the (compared to that after Ns-siRNA treatment). *P<0.05, **P<0.01, ***P<0.001. ns, no significant difference.
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animal model, the temperature of the air from the heat gun is approximately 800 °C and is cooled down to approximately 48 °C at the bronchi, which is consistent with the temperature used in vitro. The lung tissue was harvested for Western blot and TUNEL staining. The expression of apoptosis-related proteins in lung tissue increased on day 1, peaked on day 2, and then gradually decreased on day 7 after heat treatment (Fig. 5A) . Curcumin strikingly decreased the expression of Bax, cleaved PARP, and cleaved caspase-3, as determined by Western blot (Fig. 5B) . Consistently, immunohistochemistry staining indicated that treatment with curcumin significantly reduced apoptotic cells after heat treatment (Fig. 5C ). As shown in Fig. 5D , heat reduced the expression of phosphorylated Akt at the Ser473 and Thr308 sites, phosphorylated mTOR at the Ser2448 and Ser2481 sites and PDK1. However, curcumin treatment reversed the decrease back to normal levels. These results demonstrated that the Akt/mTOR signaling pathway was inhibited after thermal inhalation and activated after curcumin treatment in vivo.
Discussion
This study investigated the role of curcumin in inhibiting heat-induced apoptosis and obtained several major findings. First, treatment with curcumin significantly alleviated heatinduced apoptosis and increased cell viability. Second, curcumin administration, both pre-or post-heat treatment, markedly inhibited the membrane translocation of NADPH oxidase 2 cytosolic components, which resulted in a reduction in ROS generation and alleviated apoptosis after heat treatment. Third, the Akt/mTOR signaling pathway was implicated in the inhibition of heat-induced bronchial epithelia apoptosis by curcumin. Lastly, NADPH oxidase 2 was found to be upstream of Akt/mTOR signaling in heat-induced apoptosis. Briefly, these results demonstrate that curcumin alleviated heat-induced apoptosis by inhibiting NADPH oxidase 2 activation and upregulating the Akt/mTOR signaling pathway.
Thermal injury of the airway caused by heated air is a leading cause of burn-related death [22] . However, the hot air is cooled down to approximately 48.3 °C by the time it reaches the bronchi airway because over 90% of the heat is released in the upper airway [19] . It has been reported that high temperatures (those above 43 °C) can cause pathological changes and affect cell functions [23] . Therefore, the experimental condition of 47 °C for 5 min was employed to treat cells in all in vitro experiments (designated as heat treatment), which is relevant to the pathological situation in thermal injury. Our results demonstrated that the heat treatment condition could induce apoptosis in 16HBE140 cells.
Apoptosis is one of the most important pathogenic mechanisms underlying heatinduced bronchial epithelial cell damage [24] . Reactive oxygen species (ROS) are well-known oxygen radicals that lead to oxidative stress and apoptosis [25] . ROS are rapidly produced and accumulate when cells suffer from injury, and ROS overloading leads to irreversible cellular apoptosis [26] . Consistent with these reports, we also observed that heat treatment induced ROS production, which resulted in apoptosis. Furthermore, curcumin was found to be able to reduce ROS production, thus inhibiting cell apoptosis. This study demonstrates the role of NADPH oxidase 2 cytosolic subunits in mediating heat-induced apoptosis. NADPH oxidase 2 is an enzymatic compound that catalyzes ROS bio-synthesis. In our study, cells treated with heat showed upregulated p47phox and p67phox levels in the cell membrane. Both inhibition of NADPH oxidase 2 with an inhibitor and knockdown with siRNA suppressed heat-induced cell apoptosis. In addition, curcumin treatment markedly decreased p47phox and p67phox expression and NADPH oxidase 2 activation, thus inhibiting apoptosis. Collectively, these results indicate that curcumin protects bronchial epithelial cells from heat-induced apoptosis by regulating the membrane translocation of NADPH.
This study has demonstrated that Akt/mTOR signaling plays a part in heat-induced apoptosis. Akt/mTOR has been identified to play a principal role in the anti-apoptotic signaling pathway in different cell apoptosis models caused by extracellular or intracellular signaling [27, 28] . In the present study, we found that activation of Akt/mTOR signaling was inhibited by heat. Curcumin has been reported to have potent antiproliferative and antimetastasis effects on various cancers by suppressing Akt/mTOR signaling [13] . However, in our study, curcumin treatment markedly upregulated phosphorylated Akt and mTOR. This inconsistency may be due to different cell types and treatments, suggesting a cell-and tissue-specific effect of curcumin in the regulation of the Akt/mTOR signaling pathway, although the underlying mechanism still needs further investigation. However, the mechanism by which curcumin actives Akt/mTOR in heat-induced apoptosis still needs to be illuminated. Curcumin has been reported to have a broad range of molecular targets. Therefore, some other pathways in addition to the Akt/mTOR pathway may be involved in curcumin suppressing heat-induced cell apoptosis [29] . mTOR activation in bronchial epithelial cells has been reported to be essential for lung injury, which is consistent with our results that mTOR activation plays an important role in the apoptosis of the heat-treated cells [30, 31] . Furthermore, in our study, treatment with a NADPH oxidase 2 inhibitor or knockdown of NADPH oxidase 2 induces activation of Akt/mTOR signaling, indicating that NADPH oxidase 2 is upstream of Akt/mTOR. Of note, S6K1, S6 and 4E-BP1 are downstream of mTOR, regulating cell motility. S6K1 and S6 have been considered to regulate apoptosis, the cell cycle and metabolism [32] . 4EBP1 plays an important role in protein synthesis, cell growth and cell proliferation [33] . Thus, the effect of curcumin inhibiting heat-induced apoptosis may be mediated by these molecules.
Collectively, this study has demonstrated that curcumin inhibits heat-induced apoptosis, and the underlying mechanism is through regulation of the NADPH oxidase 2/Akt/mTOR signaling pathway (as demonstrated in Fig. 6 ). Thus, regulation of this pathway in pulmonary epithelial cells may be a potential therapeutic strategy for preventing lung injury induced by thermal inhalation. 
